In this study, a two-stage fluidized-bed gasification system was used to determine the distribution of heavy metal contaminants in simulative waste and evaluate the effect of the bed operating temperature, Equivalence ratio (ER), and Steam/Biomass ratio (S/B) in stage 1. The heavy metal concentrations in bed materials and fly ash were measured in two stages. The results show that as the operating temperature of stage 1 increased, the quantity of heavy metals entrapped by stage 1 bed material decreased, while that captured by stage 2 bed material increased. The less volatile Cu was mostly entrapped in stage 1 bed material. The ER and S/B results show that increasing the ER and S/B caused a slight increase in the concentrations of heavy metals entrapped in stage 1 and stage 2 bed materials. However, the influences of ER and S/B were less than that of temperature. The major factors affecting the heavy metal distribution were the operating temperature and the heavy metal volatility. Stage 2 bed material was able to entrap gaseous heavy metals or particles containing heavy metals by particle filtration and chemical adsorption. Thus, the heavy metals (Cu and Pb) had a downward trend after passing through stage 2.
Introduction
Taiwan produces about 750 million metric tons of municipal solid waste (MSW) every year. The two predominant methods for MSW treatment are recycling and incineration. At present, there are 24 large incineration plants treating over 600 million tons of waste every year in Taiwan. In order to reduce the influence of MSW incineration, the government has been actively seeking treatment methods other than just recycling resources from waste and incineration. Since most of the waste is organic matter, if the incineration treatment could be transferred to a gasification treatment of waste, not only can the pollution from traditional incineration plants be solved, but we can also obtain reusable energy from the process. The mixture of gases obtained after gasification is called synthesis gas (syngas), and it contains mainly CO, CH 4 , H 2 , and other gases [1] . Syngas can be further purified and directly burned or used as raw chemical materials; thus, this technology is a promising alternative to incineration [2] .
According to the literature, the parameters affecting the composition of the final syngas from the gasification process include the feed species, temperature, catalyst, feed diameter, bed material diameter, Equivalence ratio (ER), and Steam/Biomass ratio (S/B) [3] [4] [5] [6] . The ER is defined as the ratio of the actual amount of oxygen supplied to the gasifier to the amount of oxygen required for complete combustion of a given quantity of biomass. The S/B is the ratio of the amount of steam to the amount of biomass feed in the gasifier, and it is also an important parameter affecting gasification. Of these factors, the gasification temperature, ER, and S/B have the greatest influence on the gasification process. The gasification temperature directly affects the gasification reactions. Luo et al. [7] pointed out that increasing the operating temperature could increase the yield of H 2 and CO by promoting some reactions, such as methane-steam reforming, water-gas reactions, and the Boudouard reaction. Kumar et al. [3] increased the gasification temperature from 650 to 850 • C, and the results showed that the carbon conversion efficiency (82%) and energy conversion efficiency (96%) were higher at 850 • C than at 650 • C. Furthermore, H 2 concentrations increased from 4% at 650 • C to 15% at 850 • C. Gómez-Barea et al. [8] also pointed out in their studies that increasing the gasification temperature could increase both the gas production rate and carbon conversion efficiency. Gao et al. [9] and Ma et al. [10] also indicated in their studies that an increase in gasification temperature resulted in increased H 2 content in the syngas.
An increase in the ER value suggests that more oxygen has entered the gasifier, causing more carbon to be oxidized and the carbon conversion efficiency to increase. This results in more CO 2 in the produced syngas while decreasing the concentrations of CO and H 2 [11] . The same results were obtained when the ER value was increased in experiments conducted by Chiang et al. [12] and Gregorio and Zaccariello [13] . However, having too high of an ER value means that excess oxygen is provided, so the reaction tends to be complete oxidization, reducing the gross heat value of the syngas [14] . If the results of previous studies are taken as a whole, then controlling the ER value of gasification within the range of 0.2-0.4 is the most appropriate approach [4] . The S/B is the ratio between the steam feed rate and biomass material feed rate in the gasifier and is also an important parameter affecting gasification. Wang et al. [15] pointed out that when S/B was increased to 1.23, the H 2 percentage in the syngas and the total syngas production both increased, whereas the tar production decreased. Ruiz et al. [16] , Dascomb et al. [17] , and Ge et al. [18] also pointed out in their studies that as the S/B increased, H 2 production increased. The main reason that an increase in S/B leads to an increase in H 2 production is that increasing S/B causes more hydrogen to participate in oxidization; thus, more H 2 is produced. However, the S/B needs to be controlled within a certain range; otherwise, excess steam will absorb the heat in the gasifier, causing a drop of temperature, which is unfavorable for gasification to proceed.
Regardless of whether wastes are incinerated or gasified, the escape of heavy metals contained in the wastes during heat treatment needs to be discussed. The primary issue is that heavy metal contaminants that escape into the environment not only affect the environment and ecology but also are likely to be harmful to humans [19, 20] . From analyzing the heavy metal distribution contained in wastes, Zhang et al. [21] found that the major heavy metal elements included Zn, Cr, Cu, Pb, Ni, Hg, and Cd and that these heavy metal elements might escape into the environment during heat treatment. Barton et al. [22] proposed that less volatile heavy metals do not undergo chemical reactions in the combustion environment, so they do not volatilize and become part of the bottom ash; more volatile heavy metals, however, may react with other substances in incineration systems, producing species with higher boiling points (such as metal oxides), which are left in bottom ash. Furthermore, some heavy metals or compounds will volatilize into vapors under high temperatures, and heavy metals with high boiling points may also react with other species, producing highly volatile species (such as metal chlorides) that will leave the combustion zone with the exhaust gas. Lin [23, 24] pointed out in his study on heavy metal entrapment by the bed material of a fluidized-bed that the distribution of a heavy metal during incineration is associated with the heavy metal's own element properties and boiling point. Metals with higher boiling points (such as Cr) mostly stay in the bottom ash, and heavy metals with higher volatilities (such as Cd) mostly form vapors and leave the combustion zone with the exhaust gas. Hence, the escape of either heavy metals or their compounds is mainly associated with the operating temperature. Hiraoka and Takeda [25] and Gerstle and Albrinck [26] pointed out in their studies that the combustion temperature will affect the distribution percentages of heavy metals in the bottom ash; an increase in temperature reduces Zn, Pb, and Cd distributions in the bottom ash but increases As, Cd, Hg, Zn, and Pb contents in the exhaust gas. Hence, the transfer behavior of heavy metals during heat treatment may differ depending on the metal's physical and chemical properties, the form of the produced compounds, and the operating conditions.
In recent years, gasification-related studies have mostly been focusing on changing the syngas composition or improving gasification efficiency. Two-stage gasification is one of the gasification technologies proposed by researchers. Two-stage gasification consists of two tandem gasification devices. Gasification products generated in the stage 1 gasifier (syngas, tar, or char) enter the stage 2 gasifier, in which they undergo reactions, and the products are gasified or cracked again to increase the syngas yield while reducing the tar or char yield. Soni et al. [27] performed two-stage gasification with two tandem fixed-bed gasifiers, and the results showed that the H 2 yield increased from 7.3% to 22.3%, and the gross syngas yield increased from 30.8% to 54.6%, while the tar yield was reduced (from 18.6% to 14.2%). At present, most two-stage gasifiers are made of two tandem fixed-bed reactors [27, 28] . However, a fluidized-bed reactor has the advantages of high heat transfer and high mass transfer efficiencies. Thus, running two tandem fluidized-bed gasifiers with a two-stage gasification program will help increase the gasification efficiency. In waste gasification, one-stage and two-stage gasifiers both have the problem of heavy metal escape. Moreover, since the gasification process takes place in an oxygen-deprived environment, the heavy metal distribution might be different from that resulting from incineration. In this study, the distribution of heavy metal contaminants in a two-stage fluidized-bed gasification system was explored by applying a two-stage fluidized-bed gasification system using simulative waste containing heavy metals as biofuel and changing the bed operating temperature, ER value, and S/B ratio of stage 1. The experimental results may serve as a reference for the practical design and operation of such a system.
Materials and Methods
A two-stage fluidized-bed gasification system at the laboratory scale was used in this study, and a structural diagram of the two-stage fluidized-bed gasification system is shown in Figure 1 . Each gasifier body was made of stainless steel (AISI-310) with a thickness of 0.49 cm, a height of 50 cm, an outer diameter of 4.27 cm, and an inner diameter of 3.29 cm. Both the stage 1 and stage 2 gasifier bodies had the same specifications. Both stage 1 and stage 2 gasifiers had a stainless-steel distributor installed in the bed bottom. The heating mode of the gasifiers was electrical heating, while a programmed logical controller (PID) was used to control the temperature inside the gasifiers. The gasifier reactors were coated with fibrous insulation on the outside to reduce heat loss, and the temperature of gasifiers was monitored and recorded by using thermocouples. The bed material used in both stages during the experimental process was silica sand, the bulk density of which was 2.6 g/cm 3 . The bed material diameter of stage 1 was 0.775 mm, and bed material diameter of stage 2 was 0.545 mm. During the experimental process, in order to reduce the influence of the waste's composition, artificial simulative waste was mainly used. The simulative waste consisted of polypropylene (PP) plastic granules, wood chips, and a polyethylene (PE) bag. The elemental compositions, principal components, and heating values of the materials used in the simulative waste are derived from Lin and Weng [29] . Cu and Pb were selected as the representative heavy metals in the simulative waste because Cu and Pb usually exist in municipal solid waste. These heavy metals were all added in the form of a nitrate aqueous solution. Simulative waste was mainly composed of wood chips and PP plastic granules wrapped with the PE plastic bag material, and 1 mL aqueous solutions of the nitrate salts of the heavy metals were added to the PE plastic bag for coating. The concentration of the heavy metal was 0.3 wt% of the total weight (2.372 g). A water column manometer was used to determine the minimum fluidization velocity before the experiment; the method was described by Lin et al. [30] . The experimental gas flow rate was 1.3 times that of the minimum fluidization velocity, and the minimum fluidization velocity in this study was 0.1 m/s for the 0.775 mm bed material in stage 1. Experimental parameters that were varied included the operating temperature, S/B, and ER of stage 1. Table 1 lists the operating conditions of the different stages. In the experimental process, artificial simulative waste was first placed into the gasifiers for gasification, and sampling was performed at the sampling ports of the stage 1 and stage 2 gasifiers using an active sampling pump at 3 min intervals after the first 5 min. The syngas first passed through a glass fiber filter so that fly ash was entrapped using GF/A filter paper, and then passed through 100 mL of heavy metal absorption solution (containing H2O2 (33 mL), HNO3 (7.67 mL), diluted with deionized water to 100 mL) in an impinger placed in a low-temperature water tank so that gaseous heavy metals were absorbed. After the experiment, the bed material was cooled and then removed. The sampling filter papers and bed materials from stage 1 and stage 2 were treated with microwave digestion to completely break down the contained heavy metal substances. The digestion process using a microwave apparatus (CEM MARS Xpress, Kohan Instruments Co., LTD., Taiwan) was divided into two parts. In the first part, the 0.5 g bottom ash or GF/A filter paper (fly ash) was prepared, and then concentrated hydrofluoric acid (3 mL) and concentrated A water column manometer was used to determine the minimum fluidization velocity before the experiment; the method was described by Lin et al. [30] . The experimental gas flow rate was 1.3 times that of the minimum fluidization velocity, and the minimum fluidization velocity in this study was 0.1 m/s for the 0.775 mm bed material in stage 1. Experimental parameters that were varied included the operating temperature, S/B, and ER of stage 1. Table 1 lists the operating conditions of the different stages. In the experimental process, artificial simulative waste was first placed into the gasifiers for gasification, and sampling was performed at the sampling ports of the stage 1 and stage 2 gasifiers using an active sampling pump at 3 min intervals after the first 5 min. The syngas first passed through a glass fiber filter so that fly ash was entrapped using GF/A filter paper, and then passed through 100 mL of heavy metal absorption solution (containing H 2 O 2 (33 mL), HNO 3 (7.67 mL), diluted with deionized water to 100 mL) in an impinger placed in a low-temperature water tank so that gaseous heavy metals were absorbed. After the experiment, the bed material was cooled and then removed. The sampling filter papers and bed materials from stage 1 and stage 2 were treated with microwave digestion to completely break down the contained heavy metal substances. The digestion process using a microwave apparatus (CEM MARS Xpress, Kohan Instruments Co., LTD., Taiwan) was divided into two parts. In the first part, the 0.5 g bottom ash or GF/A filter paper (fly ash) was prepared, and then concentrated hydrofluoric acid (3 mL) and concentrated nitric acid (9 mL) were added to the digestion vessels. The temperature program of the oven was set to reach 180 ± 5 • C in 10 min and then held at 180 ± 5 • C for 10 min. In the second part, as the digestion solution in the vessels was cooled, concentrated boric acid (15 mL) was added to the digestion vessel; the temperature profile was the same as that of the first step. At the same time, the standard addition method was employed, and each analysis required a resulting recovery efficiency of 100 ± 15%. The digested solutions were analyzed with an inductively coupled plasma spectrometer (ICP-AES) to determine the heavy metal concentrations. Figure 2 represents the syngas composition after the two-stage fluidized-bed gasification system. The operating temperatures of the stage 1 and stage 2 gasifiers were controlled at 800 • C and 900 • C at an ER of 0.3. The productivity of H 2 was increased after passing the stage 2 gasifier because of the reheated environment for the reaction of the syngas. As a result, the stage 2 gasifier increased the H 2 concentration in the syngas by 10-16 percentage points. Therefore, using the stage 2 gasifier can slightly improve the generation of H 2 in the syngas. nitric acid (9 mL) were added to the digestion vessels. The temperature program of the oven was set to reach 180 ± 5 °C in 10 min and then held at 180 ± 5 °C for 10 min. In the second part, as the digestion solution in the vessels was cooled, concentrated boric acid (15 mL) was added to the digestion vessel; the temperature profile was the same as that of the first step. At the same time, the standard addition method was employed, and each analysis required a resulting recovery efficiency of 100 ± 15%. The digested solutions were analyzed with an inductively coupled plasma spectrometer (ICP-AES) to determine the heavy metal concentrations. Figure 2 represents the syngas composition after the two-stage fluidized-bed gasification system. The operating temperatures of the stage 1 and stage 2 gasifiers were controlled at 800 °C and 900 °C at an ER of 0.3. The productivity of H2 was increased after passing the stage 2 gasifier because of the reheated environment for the reaction of the syngas. As a result, the stage 2 gasifier increased the H2 concentration in the syngas by 10-16 percentage points. Therefore, using the stage 2 gasifier can slightly improve the generation of H2 in the syngas. 
Results and Discussion

Influence of Different Operating Temperatures on Heavy Metal Concentrations in Bed Material and Fly Ash
In this study, in order to determine the influence of different operating temperatures on heavy metal entrapment in the bed material and heavy metal escape, the operating temperature of the stage 1 gasifier was changed from 700, 800, to 900 °C, while the temperature of the stage 2 gasifier was fixed at 900 °C. Figure 3 shows the changes in heavy metal concentrations in the bed material and fly ash during gasification with different stage 1 operating temperatures. The heavy metal concentrations in the bed material were obtained by analyzing stage 1 and stage 2 bed materials 
In this study, in order to determine the influence of different operating temperatures on heavy metal entrapment in the bed material and heavy metal escape, the operating temperature of the stage 1 gasifier was changed from 700, 800, to 900 • C, while the temperature of the stage 2 gasifier was fixed at 900 • C. Figure 3 shows the changes in heavy metal concentrations in the bed material and fly ash during gasification with different stage 1 operating temperatures. The heavy metal concentrations in the bed material were obtained by analyzing stage 1 and stage 2 bed materials after completing the experiment. Since the heavy metal concentrations in fly ash changed with different operating conditions and given the variations in different compositions of the gasification syngas, it was found that the sampling data after 14 min were relatively stable. Thus, the sampling result obtained at the 14th minute of the experiment was used to represent the heavy metal concentrations in fly ash.
Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 12 after completing the experiment. Since the heavy metal concentrations in fly ash changed with different operating conditions and given the variations in different compositions of the gasification syngas, it was found that the sampling data after 14 min were relatively stable. Thus, the sampling result obtained at the 14th minute of the experiment was used to represent the heavy metal concentrations in fly ash. [22] , when subjected to heat treatment, heavy metals escape as a result of three mechanisms-homogeneous nucleation, heterogeneous deposition, and chemical adsorption-and they are mainly affected by the operating temperature [31] [32] [33] . Since Cu has the higher boiling point of the two heavy metals (boiling points: [22] , when subjected to heat treatment, heavy metals escape as a result of three mechanisms-homogeneous nucleation, heterogeneous deposition, and chemical adsorption-and they are mainly affected by the operating temperature [31] [32] [33] . Since Cu has the higher boiling point of the two heavy metals (boiling points: Cu 2562 • C and Pb 1749 • C), stage 1 bed material had the highest Cu concentration, indicating that most Cu did not escape with the syngas but was entrapped in stage 1 bed material. However, some Cu still escaped to stage 2 with the fly ash. So, stage 2 bed material not only provided the syngas with the opportunity for steam (which could be produced in stage 1) reforming or cracking to increase the H 2 yield but also entrapped the fly ash that escaped from stage 1. Thus, some heavy metals that escaped from stage 1 were entrapped in stage 2 bed material. According to studies conducted by Chiang et al. [34] and Wey et al. [35] on heavy metal contaminant control using a fluidized-bed, the main mechanisms that control heavy metal escape are filtration and chemical adsorption by bed particles. Therefore, gaseous heavy metals or particles containing heavy metals entering the stage 2 fluidized-bed gasifier could be entrapped in stage 2 bed material because by these two mechanisms.
According to Nzihou and Stanmore [36] , who pointed out that the escape of a heavy metal is mainly affected by the metal's boiling point, heavy metals with relatively low boiling points are more volatile, so they escape at relatively high rates. Hence, the Pb concentration in stage 1 bed material was lower than the Cu concentration and significantly decreased with increasing operating temperature. However, the Cu and Pb concentrations in stage 2 bed material were proportional to the operating temperature, suggesting that the greater the amount of heavy metals that escaped from stage 1 gasification, the greater the amount of heavy metals that would be entrapped in the stage 2 bed material.
The comparison of heavy metal concentrations in fly ash between stage 1 and stage 2 under different operating temperatures are displayed in Figure 3 . It can be seen that at a higher gasification temperature in stage 1, the content of Cu and Pb in fly ash both trended upward since high temperature facilitates the volatilization of heavy metals, leading to the escape of heavy metals deposited on fly ash through homogeneous nucleation and heterogeneous nucleation [22] . Therefore, a higher temperature will result in an increase in the heavy metal content of fly ash. As expected by their difference in volatility, according to the results, the order of the amount of the two heavy metals in fly ash was Pb > Cu. The amount of heavy metal that can escape is mainly related to the heavy metal's own volatility. According to the fly ash results shown in Figure 3 , the Cu and Pb concentrations in fly ash were higher in stage 1 than in stage 2 when the temperature of stage 1 and 2 was 900 • C. This phenomenon is due to the increased emission of Cu and Pb in stage 1 when the temperature of stage 1 was up to 900 • C. The amount of Cu and Pb condensation on the fly ash in stage 1 was increased; therefore, the concentration of Cu and Pb in fly ash in stage 1 was also increased. On the other hand, the emission of Cu and Pb declined, and the amount of the Cu and Pb condensation on the fly ash in stage 1 decreased when the temperature of stage 1 was lower than that of stage 2. As a result, the concentration of Cu and Pb in fly ash in stage 1 was lower than that in stage 2. Figure 4 shows a comparison of the heavy metal concentrations in the bed material and fly ash in stage 1 and stage 2 at different ER values. The results show that increasing the ER slightly increased the concentrations of heavy metals entrapped in stage 1 and stage 2 bed materials. The inference is that the increase in ER caused an increase in the amount of oxygen that entered the stage 1 gasifier, improving the decomposing effect on wastes. Thus, heavy metals in the waste had more contact with the bed material, increasing the adsorption of heavy metals by the bed material and causing an increase in heavy metal concentrations in the bed material. The distributions of different heavy metals in the bed material were similar to the results shown in Figure 3 . Cu has the lowest volatility, so it was more concentrated in stage 1 bed material than in stage 2 bed material, whereas Pb displayed the opposite pattern. The change in the ER had an insignificant influence on the heavy metal distribution in fly ash, especially for Cu. This phenomenon is due to the enhanced efficiency of gasification when the ER is increased. In this condition, the waste was decomposed more completely and then converted to fine particles mixed with the bed material. Therefore, the emission of heavy metals decreased and resulted in the ER having an insignificant influence on their distribution in fly ash. Figure 5 shows the influence of different S/B ratios on the heavy metal concentrations in the bed material and fly ash of stage 1 and stage 2. The results suggest that the increase in the S/B led to an increase in heavy metal concentrations in stage 1 bed material and reduction in heavy metal concentrations in stage 1 fly ash. A possible reason for this is that the increase in the S/B improved the oxidization efficiency so that the waste was more sufficiently decomposed, resulting in more contact between the heavy metals and bed material and further increasing the heavy metal entrapment effect. The distribution patterns of heavy metals with the change in the S/B were similar to those with the change in ER: as the amount of heavy metals entrapped in stage 1 bed material decreased, the heavy metal concentrations in the stage 1 fly ash increased. At the same time, the Figure 5 shows the influence of different S/B ratios on the heavy metal concentrations in the bed material and fly ash of stage 1 and stage 2. The results suggest that the increase in the S/B led to an increase in heavy metal concentrations in stage 1 bed material and reduction in heavy metal concentrations in stage 1 fly ash. A possible reason for this is that the increase in the S/B improved the oxidization efficiency so that the waste was more sufficiently decomposed, resulting in more contact between the heavy metals and bed material and further increasing the heavy metal entrapment effect. The distribution patterns of heavy metals with the change in the S/B were similar to those with the change in ER: as the amount of heavy metals entrapped in stage 1 bed material decreased, the heavy metal concentrations in the stage 1 fly ash increased. At the same time, the heavy metal concentrations in stage 2 bed material also decreased. The distribution patterns of different heavy metals were similar to those resulting from the change in the ER.
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heavy metal concentrations in stage 2 bed material also decreased. The distribution patterns of different heavy metals were similar to those resulting from the change in the ER.
Figures 3-5 compare the three different operating conditions examined in this study (temperature, ER, and S/B). Regardless of whether the focus was the heavy metal distribution in the bed material or fly ash of stage 1 or stage 2, the major influencing factors were the operating temperature and the heavy metal's own volatility; the ER and S/B had less influence. In addition to stage 2 bed material providing a second opportunity for the syngas to undergo oxidization or cracking to increase the H2 yield, it also could entrap gaseous heavy metals or particles containing heavy metals that entered the stage 2 fluidized-bed gasifier through filtration and chemical adsorption by bed particles, thus reducing the escape of Cu and Pb. Figures 3-5 compare the three different operating conditions examined in this study (temperature, ER, and S/B). Regardless of whether the focus was the heavy metal distribution in the bed material or fly ash of stage 1 or stage 2, the major influencing factors were the operating temperature and the heavy metal's own volatility; the ER and S/B had less influence. In addition to stage 2 bed material providing a second opportunity for the syngas to undergo oxidization or cracking to increase the H 2 yield, it also could entrap gaseous heavy metals or particles containing heavy metals that entered the stage 2 fluidized-bed gasifier through filtration and chemical adsorption by bed particles, thus reducing the escape of Cu and Pb.
Conclusions
In this study, the distribution of heavy metal contaminants in a two-stage fluidized-bed gasification system was explored by applying it with simulative waste containing heavy metals as a biofuel while changing the bed operating temperature, ER value, and S/B ratio in stage 1. The experimental results show that heavy metal escape was mainly affected by operating temperature: as the stage 1 operating temperature increased, the amount of heavy metals entrapped in stage 1 bed material decreased. At the same time, heavy metal concentrations in stage 2 bed material increased. For heavy metals with different volatilities, the less-volatile Cu was mostly entrapped in stage 1 bed material. The order of heavy metal concentrations in fly ash was Pb > Cu. This is mainly because the amount of heavy metal that escapes is related to the heavy metal's own volatility. Cu and Pb concentrations in fly ash were higher in stage 1 than in stage 2 when the temperature of stage 1 and 2 was 900 • C. This indicates that when the temperature of stage 1 was up to 900 • C, the emission of Cu and Pb was increased in stage 1. The amount of Cu and Pb condensation on the fly ash in stage 1 was also increased.
A comparison of the factors that affect the distribution of heavy metals reveals that the two major influencing factors were the operating temperature and the heavy metal's own volatility. As the temperature increased, stage 2 bed material could entrap gaseous heavy metals or particles containing heavy metals that entered the stage 2 fluidized-bed gasifier through filtration and chemical adsorption by bed particles. Thus, after passing through stage 2 bed material, the concentrations of heavy metals (Pb and Cu) in the fly ash had decreasing trends. 
